The studied rock samples belong to the classic 1615-1645 Ma Wiborg Rapakivi granite terrane of southeastern Finland. Geochemical studies show that the rapakivi granites and associated rocks form metaluminous to peraluminous A-type granites and plot in the "within plate granites (WPG)" eld on the tectonic discriminate diagrams from the Onkamaa, Suomenniemi and Luumäki. The rapakivi granite displays enrichment of light over heavy REE (LREE/HREE = 2-34) and usually negative Eu anomalies (Eu/Eu * = 0.01 -1.4). Enrichment in REE in some studied samples is con ned to highly fractionated portions of the Rapakivi granite. Fractional crystallization of the evolving uorite-rich peraluminous granitic magma was accompanied, particularly at later stages by uid fractionation, which plays an important role in the genesis of the REE-mineralization. The studied rapakivi granites host REE-minerals including monazite-(Ce), allanite (Ce), bastnäsite (Ce), xenotime, thorite and REE-bearing mineral apatite. Monazite and allanite are the most important REE carriers in the studied granites and these minerals are strongly enriched in the LREE. Monazites are hosted in apatite, quartz, plagioclase, K-feldspar, and biotite. Grain size of monazite is variable ranging from 50 to >100 µm. Monazite contains 48-68 wt% REE O , 24.3-29.3 wt% P O and low Th<1.5 wt%ThO . The Y, REE, U, Th-bearing minerals are not commonly associated with the primary minerals except for Th-bearing minerals, which occur as silicates (e.g. thorite, ThSiO ); and/or replace other elements in the structure of some accessory mineral, especially xenotime, brabantite, zircon, and apatite. Electron probe microanalysis (EPMA) provides an indication of solid solution series between thorite-xenotimezircon, which are related to hydrothermal solutions enriched in REE, Y, P, U, F, and Zr.
Introduction
The Rapakivi granites of southern Finland form four large batholiths (Wiborg, Aland, Vehmaa, Laitila), and several smaller satellitic batholiths and stocks (Suomenniemi, Ahvenisto, Onas, Bodom, Obbnäs, Kökar, Fjälskär, Eurajoki, Kokemaki) [1] . The studied area is located within the Wiborg Rapakivi granite batholith of 1.64-1.63 Ga in age ( Figure 1 ). Wiborg Rapakivi granites are associated with a variety of types of mineralization (e.g. occurrence of topaz, Li-Fe mica and albite; high F, Li, Rb, Ga, In, Sn and Nb; low Mg, Ti, Zr, Ba, Sr and Eu), which can be used to distinguish them from barren granites [2] . Many studies since 1970's have considered the Rapakivi granite complexes in Finland to be magmatic in origin, whose mineralogy have been modi ed by the postmagmatic uids [e.g. [3] [4] [5] [6] [7] [8] ], which altered their metallogeny [9, 10] . The typical rapakivi texture is coarse-grained, with alkali feldspar ovoids either surrounded by sodic plagioclase (Wiborgite) or with majority of alkali feldspar megacrysts not mantled by plagioclase (Pyterlite) [1, [4] [5] [6] . Many of these granites show the mineralogical and geochemical characteristics of tin granites and in several cases, greisens-type [9] [10] [11] [12] [13] and rare skarn-type [14] Sn-Be-W-Zn-In mineralizations associated with them.
This study presents detailed petrological, mineralogical and geochemical characterization of the Rapakivi granite and associated rocks. We provide a detailed description of REE behavior and mineral chemistry of REE-bearing minerals (monazite-(Ce), xenotime-(Y)) and REE-bearing minerals (apatite, uorite, and zircon) within mineralized lamprophyre dyke, and discussed the genesis of these minerals in the context of the Rapakivi granites.
Methods
A total of 28 samples from the Onkamaa Hamina, Suomenniemi, Luumäki and Kymi in southern Finland were collected for geochemical and mineralogical analyses. Major and minor elements were determined by XRF (method 175X), rare earth elements and trace elements by ICP-MS (method 308 M) and Co, Sc, V, Y and Zr by ICP-AES (method 308P) in the Espoo laboratory of Labtium. Polished thin sections were studied by optical (re ected and transmitted light) microscopy, scanning electron microscopy (SEM), and electron probe microanalysis (EPMA). Operating conditions used an accelerating potential of 15 kV, sample current of 15 nA brass, and a spot size ranging from 2 to 10 µm. Standards used for calibrations were wellcharacterized silicates and oxides. Backscattered electron images (BEI) were obtained with the scanning electron microscope (JEOL JSM 5900 LV) hosted in the Electron optical laboratory of GTK/Espoo. Mineral compositions were analysed using CAMECA SX100/LKP hosted in the electron microprobe laboratory of the Geological Survey of Finland (GTK), Espoo.
Petrography
The Rapakivi granitic rocks in the studied areas are composed essentially of uniform-grained rapakivi and porphyritic rapakivi granites with A-type geochemical characteristics and cut by multiple intrusions consisting of several di erent granite types. All rocks are dominantly granite to monzogranite, and vary in texture and mineralogy depending on the sample locations. They are characterized by a distinctive texture with three rapakivi granite varieties: (1) ovoidal alkali feldspar phenocrysts >3 cm in diameter mantled by sodic plagioclase. In this variety, the feldspar crystals have been partially re-melted, subhedral in shape and subsequently altered with a rim of greenish plagioclase feldspar ( Figure 2a) ; (2) quartz-feldspar porphyrtic texture with angular shape phenocrysts, consisting of potassium feldspar (microcline), plagioclase feldspar and quartz ( Figure 2b) ; (3) porphyritic hornblende rapakivi texture composed of plagioclase feldspar (gray), K-feldspar (pink), quartz, biotite and hornblende (dark) (Figure 2c ). The coarse rapakivi granite is intruded by slightly younger, aplitic rapakivi granite. The width of the intrusions of uniform-grained aplitic granite is about 20 cm and cutting the porphyritic rapakivi granite, (Figure 2d) .
The other abundant rock types are even-grained with mica (biotite) 1-5 mm in diameter, and amphibole 1-3 mm in diameter with green actinolite (Figure 3a,b) . Common late and secondary minerals, including chlorite + rutile after biotite and amphibole, are found along the contact between plagioclase and microcline grains (Figure 3c) . Quartz invariably displays undulose extinction and "subgrains" indicating moderate deformation. Microcline megacrysts are perthitic and may be partially altered to argillic phases. Large, skeletal plagioclase phenocrysts, with coarse dendritic cores, are a conspicuous feature of the porphyry (Figure 3d ).
In addition to biotite and amphibole, accessory minerals include apatite, monazite-(Ce), zircon, allanite-(Ce), magnetite (partially oxidized), titanite, ilmenite and topaz (Figure 3e ). Primary topaz occurs as subhedral coarsesized crystals (0.05-2 mm), showing a perfect cleavage and the crystal faces against alkali feldspar (Figure 3f) .
Mineralogically the studied rapakivi granite samples are mainly composed of K-feldspar (12.5 -43.2%), Na-plagioclase (21 -46%) and quartz (7.1 -47.1%) in addition to minor Ca-plagioclase (1 -9%). Hornblende (0.5 -4.5%) and biotite (0.2 -1.5%) are commonly seen in most of studied samples. Fine euhedral apatite, ilmenite, zircon and iron oxides are the common accessory minerals (<5%).
Geochemistry and rock classi cation
Concentrations of major element of the studied rocks are presented in Table 1 . Using the discrimination plot developed by [15] , the studied rapakivi and associated rocks have dioritic to granitic compositions (68.7 to 78.1 wt.% SiO ) and are a -type, iron, alkaline to alkali-calcic granites (Figure 4a, b) . In the A/NK vs. ASI plot as developed by [16] , the studied rapakivi granites are slightly peraluminous and show a trend from marginally metaluminous to marginally peraluminous (ASI = 1.0-2.5); they do not enter the peralkaline eld (Figure 4c ). CaO is low to moderate (CaO= 0.23-2.1 wt%), alkalis have average values of Na O=3.1wt% and K O=5.8 wt%. In the diagram of [17] , the rapakivi granites plot mainly in the A-type and fractionated felsic granite elds ( Figure 4d ). As in the major element discrimination plot [18] , the studied rapakivi granites plot almost exclusively in the alkaline granite eld, although many samples plot in the common eld of alkaline and highly fractionated calc-alkaline granite (Figure 4e) .
The ratio Na O/K O ranges between 0.4 and 1.7, with an average value of 0.6. Tectonic discrimination diagrams of [19] are shown for the studied samples in Figure 4f . The studied samples plot along the boundary between collisional (syn-COLG), within-plate (WPG) and volcanic arc (VAG) granites. They plot within-plate geotectonic setting for most of studied samples except for few samples, which plots within the volcanic arc eld or cluster as syncollisional granites.
The ΣREE contents of the studied samples range from 300 to 990 ppm (average 407 ppm) ( Table 2 ). REE patterns exhibit trends similar to the normalized REE patterns of international magmatic standard rock samples and show strong LREE enrichment relative to chondrite, relative depletion of HREE, and a superimposed strong negative Eu anomaly display a decrease from LREE towards HREE (Figure 5) . The chondrite-normalized REE patterns show an increase in LREE, distinct negative Eu anomalies moderately steep with depletion of HREE ( Figure 5 ). The LREE enrichment in most of the studied samples possibly reects the concentration of LREE distribution in monazite-(Ce), allanite-(Ce), and bastnäsite-(Ce). The HREE are signi cantly lower relative to LREE. REE patterns for some samples provide a high concentration of both LREE and HREE. The occurrences of monazite and xenotime increase the values of the LREE and HREE, respectively, in the studied samples JNK-17and JNK-18. Concerning the heavy REE (HREE), [20] invoked zircon as the major source of HREE in granitic rocks, while [21] considered partitioning of HREE between zircon, xenotime, and apatite.
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Mineralogical investigations . REE-bearing minerals
Results of a detailed mineralogical examination of REEbearing minerals and REE-minerals by scanning electron microscopy (SEM), and electron probe microanalysis (EPMA) in the studied rapakivi rock samples are brie y presented in the following sections and are available in full as an electronic supplement to this article.
Apatite mainly occurs in the form of massive, euhedral to subhedral grains and hexagonal tabular crystals with size ranging from 30 to 100 µm. Typically, the apatite contains monazite both as rim grains and fracture llings (Figure 6a) ; also the BSI shows apatite crystals associated with acicular grains of allanite (Figure 6b ). Chemical composition of apatite (Table 3) , obtained by EMPA data, corresponded to the REE-bearing apatite. The contents of major oxides and trace elements in the core of apatite are as follows: CaO (48 to 53 wt%), P O (36 to 40 wt%), F (4 to 4.4), Y O (0.9-2 wt%) and total REE O (1.7-8 wt%).
Zircon is found as the most abundant accessory mineral in the studied rapakivi samples. Zircon occurs as euhedral, prismatic crystals, 20-100 µm in size (Figure 6c) . Most of the zircons are altered by post-magmatic processes, where it shows a large degree of chemical variability. Primary magmatic zircon is nearly stoichiometric, very poor in ThO (<0.1 wt.%) and UO (< 0.4 wt.%). It often shows strongly altered U-and Th-rich cores. These cores show a conspicuous zoning in the BSI (Figure 6d ). The bright zones are enriched in UO (0.7-0.9 wt.%) and ThO (11.3-12.5 wt.%), whereas the darker zones are highly enriched in Y O (13-14 wt.%), with Gd O (1.8 wt.%) and DY O (2.8 wt.%). The high concentrations of Th and U may have metamictized the zircons with the occurrences Fluorite (CaF ) occurs as a large euhedral to subhedral phenocrysts (may be secondary in origin). The size of crystals is ranging from 200 -500 µm. Fluorite with which the bastnäsite is commonly associated as large grains containing clusters of bastnäsite and thorite (Figure 6f ). Fluorite is a common mineral in some studied samples. A part of calcium in uorite can be replaced with rare earth elements and Y to form a solid solution series (Ca −x REEx) F +x [24] . Y-bearing uorite model compounds can reasonably be attributed to the substitution nature of this mineral. Significant amounts of Y O (4.5 wt%), Ce O (5 wt%), Nd O (2.9 wt%) and ThO (7.2 wt%), were also found in uorite probably occur as substitutions in uorite (Table 3) .
.
REE-minerals
Monazite (Ce), allanite (Ce), bastnäsite (Ce) and Th minerals are the dominant light rare earth element (LREE) minerals in the studied rocks.
Monazite-Ce ((Ce, La, Nd, Sm, Th) PO ) occurs as euhedral to subhedral crystals in mineralized rapakivi granites in the studied area. The monazite crystals are generally light gray in color and range in size from 10 to 100 µm and some monazite grains show iron-containing impurities as brous forms (Figure 7a, b) . Chemical composition of monazite showed that contents of the major oxides in monazite are: P O (24. Table 4 . Monazite grains are coexisting together with xenotime in many of the studied rock samples (Figure 7c, d) . Monazite preferentially incorporates the light rare elements (LREE), and xenotime incorporates the heavy rare earth elements (HREE) and Y.
In igneous and metamorphic rocks, the entire compositional range of REE + Y is present and coexisting monazite and xenotime form, to some extent, solid solutions [23] . The highest contents of the above elements in greisens or veins indicate that these elements concentrate mostly in the uid phase and the late-stage magma was highly enriched in REE, F and Sn [e.g. [24] [25] [26] .
Allanite-(Ce) forms elongate, subhedral to almost spherical forms, usually associated with feldspar and biotite and in some cases is enclosed in calcite and chlorite. Allanite in some samples is characterized by large crystal agglomerations with anhedral form, measuring up to 200 µm in diameter. These spherical aggregates or ne-grained vug-lling structures are lled by chlorite, where allanite is characterized by high Th enrichment in the rim (Figure 7e , f). Allanite shows a relatively uniform composition with 34-48 wt.% REE O , SiO 21-28 wt%, Al O 9-18 wt%, FeO 6-9 wt% and CaO 4.8-11 wt%. Some allanite grains show a signi cantly larger Y concentration (3.2 wt.%) and Th concentration (2.6-3.7 wt%), while all the allanite compositions show a predominance of Ce over the other REE concentration (Table 4) .
Bastnäsite-(Ce), a REE -carbonate mineral (REE) CO , containing about 65-75 wt% REE O , of the cerium group, has been found in most of the studied samples as rice grain-like crystals lling vugs and fractures with brous gray uorite in some studied samples (Fig. 7g) . Multigrain analyses show that the bastnäsite-(Ce) is rich in LREE (∼70%) as Ce O (25.4-36.5 wt.%), La O (9-16 wt,%), Nd O (7-12 wt.%), Sm O (1-2.5 wt%), Gd O (0.7-2 wt,%), Pr O (2, 5-4 wt.%) and F (6-8 wt.%). Bastnäsite grains also reveal the presence of ThO (3-7%) and Y O (2-3%) and shown in Table 4 . The bastnäsite component in some studied samples also indicates the tendency of increased contents of Ca and REE and F depletions in relation to an ideal composition. The contents of the main cations range from a composition (CaO = 0.1 wt.%; REE O = 74.6 wt.%) close to an ideal bastnäsite (CaO = 7.9 wt.%; REE O = 54.6 wt.%) to an intermediate composition between parisite and synchysite. The bastnäesite intergrowth in some studied samples with other minerals such as parisite and synchysite are similar for Fjälskär rapakivi granite, south western Finland and Rödö complex in east-central Sweden [e.g. [27, 28] respectively]. The authors did not, however, describe the crystallography and chemistry of the intergrowth in detail.
In addition to uorite and bastnäsite in some studied samples such as in sample JNK-17, uocerite-(Ce) has also been recognized using electron probe microanalysis (EPMA) , which is a cerium uoride mineral, (Ce,La)F . It is recognized as a bright, angular grain (about 20 µm in diameter) associated with uorite and bastnäsite-(Ce) (Figure 7h) . Microchemical analyses of the uocerite show exceptionally high concentrations of REEs mainly Ce O (47.7 wt.%), La O (16.6 wt.%), Nd O (14.5 wt.%), Sm O (2.2 wt.%), Pr O (4.6 wt.%) and F (17.6 wt.%) shown in Table  4 . A uocerite-bastnäsite intergrowth is also reported by a number of authors [e.g. [27] ]. Xenotime-(Y) in the studied rapakivi rocks occurs as euhedral to subhedral crystals associated with biotite, feldspar, apatite, monazite, and zircon. Xenotime grains are present in the form of small inclusions or intergrown with other REE-bearing minerals such as monazite and bastnäsite and range in size from 2 to 10 µm or 10 to 50 µm (Figures 8a,  b) . The average contents of major oxides in xenotime, obtained by the SEM analysis are: P O (31 wt%), Y O (39 wt%), Gd O (4.8 wt%), DY O (5.3 wt%), Ce O (0.5 wt%) and F (0.8 wt.%). The results of SEM analysis showed that the studied xenotime is enriched in HREE (especially Gd, Dy) and Y (Table 5) . Thorite occurs as individual grains up to 50 µm in size, intergrowths with feldspars, biotite and zircon, and as inclusions in zircon and REE minerals (Figure 8c, d) . The Th, Y, and REE minerals are usually associated with such typical post magmatic minerals as chlorite, and clay materials and often contain volatile components, which give additional evidence for transport of the above elements in post magmatic solutions. The thorite includes some Y and HREE in solid solution with Th. The main mechanisms for the replacement of Y and REE by Th are charge-balanced coupled substitutions involving Si and Ca as well as illustrated by Franz and others [29] . This solid-solution range is very unlikely to be thermodynamically stable, because a wide compositional gap is usually observed between coexisting xenotime and zircon [22] . In sample JNK-6, yttrium content ranges up to (11.3% Y O ), LREE ( 5% REE O ) and Zr contents (24.5 wt% ZrO ) see Table (5) . Thorite in most of the studied samples appears as a solid solution in the thorite-xenotime-zircon. Some thorite occurs as an alteration product of xenotime or monazite. Many grains of thorite showed a strong alteration and are surrounded by goethite (Fig. 8e) . Thorianite, ideally ThO , occurs as small cubes included in thorianite (Figure 8f ). It often contains Y (3% Y O ), F (12% F) and other rare-earth metals (Table 5) .
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Discussion and conclusions
The studied samples collected from the Finnish rapakivi granite suite contain a wide variety of accessory Y-REE-Thbearing phosphates and silicates. Three principal genetic associations of the accessory phases can be recognized: (i) a primary magmatic association, comprising prismatic apatite, zircon and allanite-(Ce). (ii) Secondary association where most of the zircon grains show e ects of secondary alteration. The thorite in this phase shows limited solid solution of thorite-zircon and thorite-(Y, REE) PO . Its chemical composition is strongly a ected by late postmagmatic hydrothermal activity. (iii) the youngest metamorphic association displaying the crystallization of monazite, as well as partially recrystallized (altered) xenotime and solid solution phase of thorite-xenotime-zircon.
A similar mode of intrusion has been described earlier for the rapakivi granite in SW Finland, that the latestage granites crystallized from volatile-enriched melts, were initially geochemically and mineralogically anomalous, and that this anomalous character (specialization) was further increased during the autometamorphic uidrock reactions and by fast cooling of granites crystallized at a shallow depth [1, 2, 9, 10] .
Petrological and eld observations as well as many studies of the rapakivi granites in Southern Finland suggest that the REE enrichment in the studied rapakivi samples is due to a combination of magmatic and postmagmatic processes. Much of the REE budget of the magma was taken up by the early euhedral mineral phases such as allanite, apatite and titanite. This was followed by the later crystallisation of other magmatic phases, mainly feldspars, with late-magmatic allanite forming as rims round apatite and interstitial to earlier minerals. The Th, Y, and REE minerals are usually associated with such typical postmagmatic minerals as chlorite and clay and often contain volatile components, which give additional evidence for transport of the above elements in postmagmatic solution and or uid fractionation.
